Few studies have comprehensively investigated the temporal variability in soil microbial 33 communities despite widespread recognition that the belowground environment is 34 dynamic. In part, this stems from the challenges associated with the high degree of 35 spatial heterogeneity in soil microbial communities and because the presence of relic 36 DNA (DNA from non-living cells) may dampen temporal signals. Here we disentangle 37 the relationships among spatial, temporal, and relic DNA effects on bacterial, archaeal, 38 and fungal communities in soils collected from contrasting hillslopes in Colorado, USA. 39 We intensively sampled plots on each hillslope over six months to discriminate between 40 temporal variability, intra-plot spatial heterogeneity, and relic DNA effects on the soil 41 prokaryotic and fungal communities. We show that the intra-plot spatial variability in 42 microbial community composition was strong and independent of relic DNA effects with 43 these spatial patterns persisting throughout the study. When controlling for intra-plot 44 2 spatial variability, we identified significant temporal variability in both plots over the six-45 month study. These microbial communities were more dissimilar over time after relic 46 DNA was removed, suggesting that relic DNA hinders the detection of important 47 temporal dynamics in belowground microbial communities. We identified microbial taxa 48 that exhibited shared temporal responses and show these responses were often 49 predictable from temporal changes in soil conditions. Our findings highlight approaches 50 that can be used to better characterize temporal shifts in soil microbial communities, 51 information that is critical for predicting the environmental preferences of individual soil 52 microbial taxa and identifying linkages between soil microbial community composition 53 and belowground processes.
partitioning between sub-plots 5, 6, 8 and 9 (see 'Plot Design' in Fig. 1a for numbering) 146 from the remainder of the sub-plots ( Fig. 2 b,f; PERMANOVA R 2 =0.308, P≤0.001 for 147 prokaryotes and R 2 =0.317, P≤0.001 for fungi). Similar to the NFS, these strong spatial 148 patterns remained after relic DNA was removed ( Fig. 2 d,h ; PERMANOVA R 2 =0.310 for 149 prokaryotes and R 2 =0.291 for fungi; P≤0.001). These data show that pronounced spatial 150 variability in soil microbial community composition at the meter scale persists over time. 151 The presence of relic DNA does not affect our overall ability to detect this persistent 152 spatial variation.
154
Removing relic DNA enhanced our ability to detect temporal changes in soil 155 microbial communities. We investigated the effect of relic DNA on temporal variability 156 in belowground microbial communities on a sub-plot basis to control for the 157 aforementioned high degree of intra-plot spatial variability and discriminate between 158 temporal and spatial sources of variation in microbial community structure. When 159 limiting PERMANOVA permutations to within sub-plots over time, we found significant 160 temporal variability for both prokaryotes and fungi on both slopes in untreated control 161 soils (PERMANOVA R 2 =0.128 P≤0.001 for prokaryotes and R 2 =0.124 P≤0.001 for fungi 162 on the NFS; and R 2 =0.110 P≤0.001 for prokaryotes and R 2 =0.101 P≤0.001 for fungi on 163 the SFS) and in soils that were treated to remove relic DNA (PERMANOVA R 2 =0.119 164 P≤0.001 for prokaryotes and R 2 =0.103 P≤0.001 for fungi on the NFS; and R 2 =0.098 165 P≤0.001 for prokaryotes and R 2 =0.106 P≤0.001 for fungi on the SFS). We found no 166 significant interaction between temporal variability and relic DNA dynamics, suggesting 167 that the presence of differences in microbial community composition between time 168 points is not dependent on the removal of relic DNA. However, on average, the 169 prokaryotic communities on both slopes were significantly more dissimilar over time 170 after relic DNA was removed, compared to untreated control soils that contained relic 171 DNA ( Fig. 3 ; Kruskal-Wallis test P≤0.05). These results show that, while compositional 172 differences between time points can be identified in the presence of relic DNA, the 173 removal of 'legacy' DNA from dead microbes significantly enhances the ability to detect 174 important temporal variation in the composition of soil prokaryotic communities. While 175 the differences in temporal variability across all sub-plots are significant for the 5 prokaryotic communities in this study, we did observe a similar pattern for fungal 177 communities, albeit not as strong ( Fig. 3 ).
179
Temporal variability in distinct assemblages of prokaryotes and fungi are 180 predictable from soil variables. Characterizing shifts in the relative abundances of 181 individual microbial taxa in temporally dynamic soil systems can give important insight 182 into the ecologies of individual taxa and the environmental factors that influence 183 belowground communities. Thus, we next sought to identify specific groups of taxa that 184 exhibited correlated changes in relative abundances over time in soils after relic DNA 185 was removed. To do this, we used local similarity analysis (LSA) (23) to identify strong 186 (local similarity score ≥0.7) and significant (q-value ≤0.05) positive pairwise microbe-187 microbe temporal correlations. We constructed and analyzed networks from these 188 correlations and extracted distinct groups (modules) of microbes from NFS and SFS 189 networks using modularity analysis (24) (Fig. 4) . On the NFS, the mean normalized Supplementary Fig. 3 ). Most modules on both slopes 206 were best predicted by climatic variables, most notably soil temperature, soil moisture, 207 and snow depth ( Supplementary Fig. 3 ). These results are in line with previous studies 208 demonstrating how changes in soil temperature (10, 14-16), moisture (26) and snow 209 pack (12) can influence belowground microbial communities. In contrast, module 5 was 210 best explained by changes in inorganic nutrient concentrations (phosphorus; 211 Supplementary Fig. 3 ). While nitrogen and phosphorus inputs can have predictable (27) 212 and lasting (2) effects on microbial community structure, we have a more limited 213 understanding of how short-term seasonal variation in the availability of these nutrients 214 can influence microbial community dynamics, despite evidence that belowground 215 microbial communities are important mediators of soil nutrient dynamics (28, 29). Our 216 results show that a subset of soil microbes organize into modules that are responsive to 217 these subtle changes in phosphorus availability. Variability in WSOM constituents did 218 not contribute significantly to temporal variability in environmental conditions 219 ( Supplementary Fig. 4 ) and thus, we excluded these measures from the models 220 6 describing the temporal variability of the modules. Given that previous work at these 221 sites showed a high degree of spatial variation in WSOM distributions (25, 30), we 222 suspect that the pronounced spatial variability in WSOM distributions may have 223 obscured our ability to detect significant effects of WSOM characteristics on the 224 temporal dynamics of the soil microbial communities.
225
The construction of modules based on shared temporal patterns allowed us to 226 identify biotic or abiotic factors that are correlated with shifts in the relative abundances 227 of individual taxa. As most soil prokaryotic taxa remain undescribed (31), linking the 228 observed temporal dynamics of specific taxa (many of which cannot be classified to the 229 genera or species level of taxonomic classification) to their ecological attributes remains 230 difficult. However, we did identify some bacterial taxa with temporal dynamics that can 231 be explained from our presumed understanding of their ecologies. For example, similar 232 to studies showing Bradyrhizobium phylotypes tend to be more abundant in low pH soils 233 (31), we found a single Bradyrhizobium phylotype on both slopes (modules 2 and 6) for 234 which pH was a significant predictor ( Supplementary Fig. 3 ), indicating that temporal 235 changes in soil pH influences the relative abundance of this abundant phylotype.
236
Similarly, snow cover was the best predictor for the temporal variability of taxa belonging 237 to module 4 ( Fig. 4 and Supplementary Fig. 3 ). We identified several taxa in module 4 238 that have been directly linked to the microbial communities associated with snow, 239 including the bacterial phylotypes classified as Herminiimonas sp. and 240 Sphingobacteriaceae spp. (32, 33) ( Supplementary Table 1 ). We also observed several 241 fungal phylotypes belonging to the Mucorales and Mortierellales orders that clustered in 242 module 4 (Supplementary Table 1 ). Members of these fungal groups have been termed 243 "snow-molds" and are commonly observed on the surface of soils during snowmelt at 244 these sites (34).
245
Our study also provides insight into the short-term temporal variation of 246 ectomycorrhizal communities, the environmental factors that influence these patterns 247 and other fungal and prokaryotic taxa that co-vary with ectomycorrhizal fungi.
248
Ectomycorrhizal fungi were found on both slopes and partitioned into several modules 249 that were significantly variable over time (on the NFS, modules 0-4; and on the SFS, 250 modules 6, 7, and 9; Fig. 4 and Supplementary Table 1 ). On the NFS, 56% of the 251 predicted ectomycorrhizal fungal taxa were found in module 2 ( Fig. 4 ; Supplementary 252 Table 1 ). Module 2 was best predicted by soil moisture and pH, suggesting that these 253 ectomycorrhizal taxa prefer slightly drier and higher pH soils ( Supplementary Fig. 3 ).
254
However, other ectomycorrhizal taxa on the NFS were best predicted by other 255 combinations of soil characteristics and environmental parameters, suggesting a degree 256 of niche partitioning within soil ectomycorrhizal fungal communities ( Supplementary Fig.   257 3), a finding in agreement with previous observations (35, 36) . Fewer ectomycorrhizal 258 taxa displayed correlated behavior with other microbes on the SFS, but the majority of 259 them (69%) belonged to module 6, which was best predicted by snow and moisture. On 260 the SFS, these ectomycorrhizal taxa tended to be more abundant when soils were drier 261 with less snow cover ( Supplementary Fig. 3) . These findings indicate a degree of 262 temporal niche partitioning in ectomycorrhizal fungal communities on both slopes in 263 response to distinct environmental conditions ( Supplementary Fig. 3 ). Conclusions: 266 This study provides new evidence that the temporal dynamics of groups of 267 prokaryotes and fungi living in surface soils are, to some degree, predictable, and that a 268 more detailed characterization of the temporal variability in soil microbial communities is 269 critical to understanding the dynamic nature of the soil microbiome. The extensive 270 spatial and temporal sampling design of our study allowed us to disentangle the 271 relationships between spatial heterogeneity in microbial communities, temporal 272 dynamics of these communities, and the effect of relic DNA on these temporal patterns. 273 Unsurprisingly, spatial variation in community structure at both the hillslope scale, and 274 the meter scale (intra-plot) was the dominant source of variability in this study and relic 275 DNA had no significant effect on our ability to characterize these spatial patterns ( Fig. 2   276 and Supplementary Fig. 1 ).
277
When controlling for this spatial variability, we were able to detect significant 278 temporal shifts in microbial community composition, regardless of whether relic DNA 279 was removed or not. We emphasize that the magnitude of the temporal variation in soil 280 microbial communities was consistently lower than the spatial variation, even between 281 sub-plots located only a few meters apart. This spatial variability in surface soil microbial 282 communities was relatively stable over time, suggesting that efforts to describe spatial 283 variation in overall community composition are not necessarily impacted by collecting 284 samples across different time points. 285 We show that when sites are sampled sufficiently across space, temporal 286 variability is apparent in both soils that have been treated to remove relic DNA and in 287 untreated controls. However, we provide new evidence that the removal of relic DNA 288 results in greater dissimilarity over time, suggesting that by removing relic DNA, we 289 enhance our ability to detect temporal patterns in the belowground communities (Fig. 3) .
290
These findings support our previous hypothesis (20), and predictions based on 291 modeling (21), that the presence of relic DNA can dampen temporal patterns in soil 292 microbial communities. The presence of relic DNA, even in high amounts, does not 293 automatically lead to relic DNA biases in other ecosystems (21). However, our data do 294 suggest that relic DNA has important effects on studies of temporal variation in soil 295 microbial communities (and possibly in other ecosystems), and that the consequences 296 of failing to remove relic DNA would not be apparent from single time point samples.
297
The belowground environment is one of the most complex and dynamic microbial 298 habitats on Earth. By controlling for spatial and relic DNA effects on temporal variability 299 in these soil microbial communities, we identified groups of microbes that have similar 300 temporal dynamics and the environmental factors that predicted their temporal microbial communities, and genomics may help resolve the specific drivers of these co-312 occurrence patterns (37, 41, 42) . (Fig. 1) . The NFS and 322 SFS soils are Ustic dystrocryept (Catamount series) and Lithic haplstoll, respectively 323 (43). Soil moisture and temperature were variable over the course of the study and 324 followed expected seasonal trends (Fig. 1) . In general, the NFS had a higher soil 325 moisture and a lower temperature than the SFS (Fig. 1) . The NFS is vegetated with 326 moderately dense Pinus contorta (Lodgepole pines) and develops a snowpack during 327 the winter that melts in spring. In contrast, the SFS is much more sparsely vegetated were collected every 10 minutes at a meteorological station located near the sample 337 sites (see 'Data availability' for data source information). Each slope was instrumented 338 with a soil temperature sensor (Campbell Scientific T-107 temperature probe), and a 339 soil water content reflectometer (Campbell Scientific CS616) located 5 cm below 340 ground. The daily averages from these sensors on each slope are illustrated in Fig.   341 1b,c. When modelling the relative mean importance of temperature and volumetric 342 water content to module temporal distributions, we used the average of daily mean 343 values from these sensors between sample dates, except for the first time point, which 344 is the mean from the preceding 34 days. Snow depth was measured using digital 345 ultrasonic snow depth sensors (Judd Communications Inc.) fitted with CR1000 346 dataloggers (Campbell Scientific). Snow depth is reported as mean daily snow depth 347 between sampling points from three sensors on each slope (NFS at snow pole 3, 348 sensors 1-3 and SFS snow pole 10, sensors 9, 11 and 15). Amplicon sequencing and analytical methods: For sequence-based analyses of 393 16S rRNA and ITS marker regions, we used the approaches described previously (20) . Supplementary Fig. 4 ). 
